One-dimensional BiFeO 3 (BFO) nanofibers fabricated by electrospinning of a solution of Nylon6/BFO followed by calcination were used for photocatalytic degradation of contaminants in water. The BFO fibers were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), and UV-Vis spectroscopy. The SEM images of the as-spun samples demonstrated the successful production of nanofibers and the SEM images of the samples after calcination confirmed the integrity of the continuous BFO nanofibers. XRD analysis indicated the dominant presence of BFO phase throughout the calcinated nanofibers. Photocatalytic activity of the nanofibers and their application in water purification were investigated against 4-chlorophenol (4CP) as a model water contaminant. The results of the UV-Vis spectroscopy show the degradation of the 4CP by means of the photocatalytic activity of the BFO nanofibers. The kinetics of the photodegradation of 4CP is believed to be governed by a pseudo-first-order kinetics model.
Introduction
The presence of hazardous nondegradable contaminants in water such as pharmaceuticals [1] and organic and inorganic solutes [2] poses dangers of human and environmental exposure that result in health effects and environmental damage [3, 4] . A widespread need, therefore, exists for developing cost effective and scalable methods to reduce harmful compounds to a permitted amount or eliminate them entirely. Many methods such as the application of polymeric adsorbents, membrane separation, and oxidation treatments have been proposed [5] . Photocatalysis, a wellknown oxidation treatment method, has the advantage of direct absorption of light at room temperature where there is no need for thermal activation to fully mineralize pollutants [6, 7] . Photocatalysis involves photolysis, the breaking down of a chemical compound by the assistance of light, which is accelerated by means of a catalyst. This process can occur in the form of homogeneous as well as heterogeneous photocatalysis. In the former, photocatalysts such as ozone are used and the reactants exist at the same phase as the catalyst. In the latter, however, the reactants are in a different phase from the reactive entity that triggers various oxidation and reduction reactions through which the contaminating agent is degraded [7] . Semiconductors are often applied in this type of photocatalysis. In this case, photocatalysis is activated when photons with sufficient energy excite the electrons of the valence band in the photocatalyst creating electron-hole pairs. Due to the presence of contaminants, the recombination of the electrons and holes is delayed, the holes react with the moisture on the surface of the photocatalyst, and a series of oxidative reactions with socalled hole scavengers such as the contaminants are triggered. The electrons in turn participate in a chain of reductive reactions with the oxidants in the environment. In this process the pollutant is degraded into harmless final products such as CO 2 [7] .
Several studies have been carried out on the photocatalytic activity of TiO 2 due to its beneficial characteristics such as low cost, water insolubility, and high photocatalytic efficiency due to its high quantum yield. Different structures of TiO 2 have been investigated for photocatalysis that include TiO 2 nanoparticles [8, 9] , nanofibers [10] , nanotubes [11] , thin films [12] , and even flower structures [13] . Recently, Choi et al. demonstrated the superiority of electrospun TiO 2 nanofibers over other structures in terms of hydrogen generation as a result of photocatalytic activity [14] . One apparent advantage of nanofibers over structures such as nanoparticles is that the nanofibers can be used as membranes, and therefore no additional step is needed for the removal of the photocatalysts from the water, especially when treating drinking water. Laera et al. demonstrated that TiO 2 nanofibers were comparable with the commercial TiO 2 Degussa P25 in the degradation of Congo Red (CR) and furthermore concluded that the nanofibers are easily separable from the aqueous medium [15] .
The introduction of BiFeO 3 (BFO) as one of the few materials exhibiting multiferroic properties at room temperature generated much interest in this semiconductor, and the discovery of the photocatalytic activity of BFO offers new opportunities for the application of BFO in water purification. As band gap values are size dependent, the band gap energy of BFO has been reported to be in the range of 2.5-2.8 eV by Ihlefeld et al. [16] as well as Hauser et al. [17] ; however, value of 2.2 eV has also been stated in the literature for nanostructured BFO particles [18] . These reports show that BFO has a smaller band gap compared to the band gap energy of 3.2 eV for TiO 2 . Xu et al. reported the degradation of CR by applying BFO thin film under visible light irradiation, which proved to be economic as well as reproducible. Their results indicated an approximate 16% decrease in the contaminant concentration in roughly 240 min [19] . In a similar study, Gao et al. utilized BFO in the forms of bulk and nanoparticles in order to degrade methyl orange under two regimes of irradiation, that is, visible and UV-Vis irradiations. The results presented the decrease in the concentration of the methyl orange under both irradiation regimes and also for both structures; however, the most significant degradation occurred when BFO nanoparticles were utilized under the UV-Vis range exposure. Therefore, decreasing the size of the BFO from bulk to nanoparticles increased the efficiency. Moreover, using a more energetic irradiation with a wavelength in UV-Vis range instead of visible light enhanced the photodegradation of the methyl orange [20] . Notwithstanding the reports, to the best of our knowledge no study has yet been done on the photocatalytic activity of one-dimensional BFO nanostructures in water purification. Given the fact that BFO is a relatively new material and one-dimensional BFO nanostructures have only recently been developed, exploring their benefits in the field of water purification holds great merit.
Here we report on photocatalytic degradation capability of electrospun BFO nanofibers. In this study, 4CP, a harmful organic compound which is found in pesticidal chemical industries, petrochemical industries, and a common chemical intermediate in effluent chlorination, is chosen as a model contaminant [21] . The degradation behavior of 4CP in aqueous solution in the presence of BFO nanofibers under UV irradiation is investigated. The details of electrospinning process and subsequent calcination measures to prepare the nanofibers are presented as well as characterization techniques. The governing kinetics of the photocatalytic process is also explored based on a pseudo-first-order kinetic model.
Experimental

Materials.
Pallet-shaped Nylon6 with a 3 mm size, density of 1.084 g/cm 3 at 25 ∘ C, and an average molecular weight of 11202 g/mol was purchased (Sigma Aldrich, Canada) along with formic acid with a purity of >98% which acts as the solvent for Nylon6. Bismuth (III) nitrate pentahydrate with a purity of 98% (Acros, USA) and 99.99% pure iron (III) nitrate nonahydrate (Sigma Aldrich, Canada) were obtained in addition to 2-methoxyethanol as a solvent (Acros, NJ, USA), ethanolamine with a purity more than 99.5% purified by redistillation (Sigma Aldrich, Canada), and glacial acetic acid with a purity of 99.7% (Fisher Scientific, Canada). High purity 4-chlorophenol (Sigma Aldrich, Canada) with ≥99% purity was used as a water contaminant.
Electrospinning Solution.
Bismuth (III) nitrate pentahydrate and iron (III) nitrate nonahydrate salts with a 1.05 : 1 w/w ratio were dissolved in 2-methoxyethanol and stirred until a homogeneous solution was obtained. Subsequently, to set the pH of the solution to 4, a sufficient amount of ethanolamine was added. Furthermore, glacial acetic acid was used to control the viscosity of the BFO solution to suit the feasible viscosity range of the sequent electrospinning. The entire BFO sol-gel precursor solution was then magnetically stirred for 2 hrs at room temperature. 15 wt% Nylon6 solution was prepared by dissolving Nylon6 pallets in formic acid and followed by magnetic stirring; the final solution to be electrospun was made by adding the BFO solution drop by drop to the Nylon6 polymer solution with a 1 : 1 v/v ratio while being magnetically stirred to obtain a homogeneous solution.
Electrospinning Process and Calcination.
A homemade electrospinning setup was utilized for the electrospinning of the BFO/Nylon6 solution. A voltage of 20 kV was applied by means of a 25A series Dc-Dc high voltage module (Ultravolt, USA) to the solution through a 21-gauge stainless steel needle. The separation distance between the metallic nozzle and the aluminum collector, which was grounded, was set to be 20 cm. The flow rate of the solution was fixed at 0.3 mL/hr on the syringe pump (Fisher Scientific, Canada), and the electrospinning experiments were conducted at ambient temperature. For the purpose of easily characterizing the electrospun products, Pt/Ti/SiO 2 /Si substrates were also attached to the collector. The electrospun material was then dried in a vacuum oven at 125 ∘ C for 1 hr and further calcinated at 600 ∘ C for a duration of 2 hrs in a furnace in air ambient to eliminate the Nylon6 surrounding the expected BFO nanofibers.
Characterization.
Calcinated samples on Pt/Ti/SiO 2 /Si substrates were characterized using X-ray diffraction (XRD) (Rigaku, Japan, Cu K radiation = 1.5405Å) to determine the phase structure; scanning electron microscopy (SEM) (VEGA3, Tescan, USA) with an accelerating voltage of 30 kV was used to examine the morphology of the as-spun samples as well as calcinated samples; the diameter of the fibers prior to and after calcination was also studied. All samples Journal of Nanotechnology for SEM analysis were sputtered with gold. Field emission scanning electron microscopy (FE-SEM, JAMP-9500F, JEOL, USA) was utilized to determine the crystallite size on the nanofibers; the accelerating voltage of the microscope was set to 15 kV. The band gap of the BFO nanofibers was investigated by means of UV-Vis spectroscopy (Varian Carey 50, Agilent, USA).
Water Purification Studies.
The application of the photocatalytic properties of BFO nanofibers in water purification was studied through the photo-degradation of 4CP. BFO nanofiber samples on 1.5 cm × 3 cm aluminum substrates weighing 0.5-0.7 mg were suspended in aqueous solutions with 4CP concentrations of 1, 2, 5 and 7.5 g/mL in Milli-Q water. These samples were named 4CP-1, 4CP-2, 4CP-3 and 4CP-4, respectively. The samples were subsequently irradiated by UV light at a wavelength of 385 nm and an intensity of 15 W/cm 2 using a UV lamp (BlueWave LED Prime UVA, Dymax, USA). Two reference samples of 5 g/mL were also prepared with no added BFO nanofibers; one was irradiated with UV light to determine the effectiveness of the nanofibers in the photo-degradation of 4CP (4CP-blank) and the other was left in the dark to see the role of UV irradiation on its own (4CP-dark). In order to guarantee the mass transfer of the contaminant to the surface of the nanofibers, all the water purification studies were conducted as the aqueous solutions were being magnetically stirred. At predetermined time intervals, 1 mL samples were taken from the aqueous solutions for further analysis using UV-Vis spectroscopy at 225 nm; the concentration of the contaminant was obtained by converting the absorbance values from the calibration curve of 4CP. Figure 1(a) shows the SEM image of the as-spun Nylon6/BFO fibers prior to calcination. The formation of continuous cylindrical nanofibers is evident, and the average diameter of the as-spun fibers was calculated to be 230 ± 30 nm. The continuousness of the BFO fibers was not compromised after calcination at 600 ∘ C as seen from SEM image in Figure 1(b) ; with Nylon6 no longer surrounding the BFO nanofibers, the average diameter was decreased to 130 ± 35 nm. The FE-SEM image in the inset of Figure 1(b) shows the BFO crystallites forming continuous nanofibers, and the average diameter of the crystallites is 29 ± 2 nm.
Results and Discussions
Characterization of the Nanofibers.
Although the high-temperature calcination guarantees the evaporation of the Nylon6 polymer and crystallization of BFO, to confirm the phase purity of calcinated BFO nanofibers, XRD analysis was carried out. The XRD pattern demonstrated the key characteristic peaks of R3C rhombohedral perovskite BFO matching the reported standard values (JCPDS: 01-071-2494). Peaks matched with platinum are resultant of the platinum-coated substrate, and small traces of the secondary phase Bi 2 Fe 4 O 9 can be distinguished. However, the dominant phase remains to be BFO (Figure 2) .
To determine the band gap of the nanofibers, UVVis spectroscopy was utilized; absorption coefficient and energy band gap follow the correlation in (1), where is the number indicative of the nature of the electron transition from the valance to the conduction band, ℎ is Planck's constant, and is a constant:
see [22] . For a material exhibiting a direct band gap, is 1/2 and (1) can be written as (2) in which is a constant:
see [22] . Ergo, the direct band gap of the BFO nanofibers, is obtained by the intercept of the linear portion of (ℎ] ) 2 versus (ℎ]). As depicted in Figure 3 , the intercept suggests that the direct band gap of the BFO nanofibers is approximately 2.5 ± 0.05 eV, which is in agreement with reported values from studies by Ihlefeld et al. [16] and Hauser et al. [17] , as mentioned previously, as well as Prashanthi et al. [23] . The inset in Figure 3 illustrates the absorption data acquired for the nanofibers by UV-Vis spectroscopy.
Water Purification.
The value observed for the band gap of BFO suggests that the photocatalytic activity of the BFO nanofibers is expected to be observed under UV irradiation as well as UV-visible range irradiation; however, in this study UV irradiation at a wavelength of 385 nm was used in order to provide more photons with sufficient energy to ensure the photodegradation of the contaminant 4CP more efficiently, compared to visible irradiation. Figure 4 (a) represents the relative change in the concentration of the contaminant 4CP in water for all 6 samples. The photocatalytic activity of the nanofibers is evident due to the fact that the reference sample 4CP-blank shows little signs of degradation over the testing period. This small change in the concentration is attributed to the direct photolysis caused by UV light since the reference sample 4CP-dark has demonstrated no change in concentration over the entire 360 min test duration. It has been established by Bertelli and Selli that 2CP, another member of the chlorophenol family, is almost photostable in water under irradiation in the wavelength range of 315-400 nm; in the absence of any photocatalysts, however, direct photolysis of this matter could happen under the irradiation at a much lower wavelength (254 nm) which is believed to be a direct consequence of C-Cl bond cleavage [24] . This is consistent with the data acquired from the UV light used in this study with an irradiation wavelength of 385 nm. Figure 4 (a) also implies that for samples 4CP-1 and 4CP-2 full degradation of the contaminant occurs in 90 min and 175 min, respectively; in the case of 4CP-3 and 4CP-4, however, the declining change in contaminant concentration only continues up to 60 min and 120 min of UV irradiation, correspondingly. The halt in the photocatalytic activity of the nanofibers was speculated to be due to the saturation of the nanofiber surface by the relatively high concentration of the contaminant. To investigate this hypothesis, samples with an initial concentration of 5 g/mL that were irradiated for 240 min (named as 4CP-sat) were removed from the system, and the BFO nanofiber mats were rinsed with Milli-Q water. The mats were then returned to the solutions and UV irradiation was continued. As Figure 4(b) illustrates, the photocatalytic activity of the BFO was resumed after the nanofibers were rinsed and the degradation of 4CP-sat was completed in an additional 180 min. This confirms the hypothesis of surface saturation of the nanofibers.
In order to determine the governing kinetics of the degradation reactions of 4CP, the following pseudo-firstorder model is proposed:
where represents irradiation time, is the reaction rate constant, and 0 and are the initial concentration of the contaminant and the concentration of the 4CP at a given time, respectively; see [25] . According to the nearly linear behavior of ln( / 0 ) versus for 4CP-1, 4CP-2, 4CP-3, and 4CP-4
Journal of Nanotechnology in their degradation period given in the inset of Figure 4 (a) and 2 values reported in Table 1 , the suggested model fits the photodegradation data of 4CP in the presence of BFO nanofibers with close approximation. Table 1 also shows the reaction rate constant values calculated by applying the pseudo-first-order model as well as the 2 values of the linear fit. It could be hypothesized that the decrease in the reaction rate constant with the increase in the contaminant concentration is due to the higher amount of saturated sites on the surface of the BFO nanofibers at higher 4CP concentration, therefore, reducing the number of active sites for the photocatalytic reaction to occur.
Conclusions
One-dimensional BFO nanofibers with an average fiber diameter of 130 ± 35 nm and average BFO crystallite size of 29 ± 2 nm were successfully fabricated through electrospinning and subsequent calcination at 600 ∘ C. SEM images confirmed the formation of the Nylon6/BFO nanofibers prior to calcination and the continuous BFO nanofibers after hightemperature calcination. Moreover, the band gap energy was calculated to be 2.5 eV. The photocatalytic activity of BFO nanofibers was evident from the photodegradation of the pollutant 4CP under UV irradiation. The proposed pseudofirst-order kinetics model deemed appropriate for the degradation of the contaminant. The results show promise for the application of BFO nanofibers in water purification due to a relatively low band gap energy that facilitates photoactivation. Furthermore, the nanofiber structure holds the advantage of the elimination of the extra filtration stage of photocatalyst itself after the degradation process is complete [26] .
